Background Although minimally invasive surgical (MIS) approaches to the lumbar spine for posterior fusion are increasingly being utilized, the comparative outcomes of MIS and open posterior lumbar fusion remain unclear. Questions/purposes In this systematic review, we compared MIS and open transforaminal or posterior lumbar interbody fusion (TLIF/PLIF), specifically with respect to (1) surgical end points (including blood loss, surgical time, and fluoroscopy time), (2) clinical outcomes (Oswestry Disability Index [ODI] and VAS pain scores), and (3) adverse events.
Introduction
Lumbar spinal fusion is an accepted method of treatment for a variety of spinal pathologies [46] . As the proportion of adults older than 65 years continues to rise [21] , the demand for spinal fusion procedures, particularly for degenerative disorders, continues to increase. Unfortunately, the substantial blood loss [6] , high complication rates [5] , and prolonged hospital stay [37] associated with traditional open midline techniques of spinal fusion may expose this patient population to an undesirable level of surgical morbidity [9] . Minimally invasive surgical (MIS) procedures have demonstrated improved clinical outcomes and decreased perioperative morbidity in the fields of general surgery, gynecology, and urology [13, 26, 38] . These results, coupled with advances in development of surgical instrumentation, magnification, and illumination, have led to the application of MIS techniques to spinal fusion. However, before widespread adoption of these novel procedures, their relative worth and clinical efficacy must be compared to standard open spinal fusion.
The Institute of Medicine has highlighted the need for studies examining the outcomes of alternative treatment methods, termed comparative effectiveness research (CER). According to the Institute of Medicine: ''comparative effectiveness research is the generation and synthesis of evidence that compares the benefits and harms of alternative methods to prevent, diagnose, treat and monitor or improve the delivery of care'' [25] . Traditionally carried out by healthcare providers, CER of spinal fusion has historically focused on outcome measures of primary importance to surgeons, including surgical time, estimated blood loss (EBL), and fusion rates. Over the last decade, the importance of inclusion of patient-reported outcome measures in CER has been emphasized [7, 8] . Furthermore, CER is meant to assist not only patients and clinicians but also all stakeholders, including purchasers and policy makers, in making informed decisions that will improve health care for the individual or population. Unfortunately, physicians and surgeons often lack the perspective and language of purchasers and policy makers, who ultimately must consider the relative value of different healthcare interventions. The value of a healthcare intervention is defined as the quality or outcome of an intervention relative to its cost over time [32] . Consequently, cost reduction without regard to relative outcome is shortsighted and potentially leads to ineffective care [30] .
We therefore compared MIS and open transforaminal or posterior lumbar interbody fusion (TLIF/PLIF) specifically with respect to (1) surgical end points (including EBL, surgical time, and fluoroscopy time), (2) clinical outcomes (Oswestry Disability Index [ODI] and VAS pain scores), and (3) adverse events.
Materials and Methods

Systematic Review and Study Inclusion
Our systematic review was performed following guidelines proposed by the Meta-analysis of Observational Studies in Epidemiology (MOOSE) Group [36] and the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement [23] . Identification of relevant studies began with an electronic search of MEDLINE 1 , Embase, Web of Science, and Cochrane Library from database inception to May 2012 inclusive. Our research coordinator (OP) with training related to the conduct of systematic reviews performed the searches. Medical Subject Heading (MeSH) search terms used included derivatives of ''minimally invasive''/''minimal access'' and ''lumbar spine''/''lumbar vertebrae'' or ''fusion''/''surgical procedures''. Citations were limited to those published in English. The exact details of each database search are presented in Appendix 1 (supplemental materials are available with the online version of CORR 1 ). Potential articles were then imported into the online reference management program RefWorks (RefWorks-COS, Pro-Quest, LLC, Bethesda, MD, USA) to remove duplicate citations and organize the studies before review for study inclusion (Fig. 1 ).
Two independent reviewers (CLG, KM) then screened study titles, abstracts, and full-text articles to identify randomized controlled trials or comparative studies comparing open and MIS fusion from a posterior approach in a unique sample of patients with degenerative lumbar pathology. Included in our study were articles with 10 or more patients per study arm and reporting at least one of the following: (1) surgical end point(s), (2) clinical outcome (ODI or VAS pain scores), or (3) adverse events. To ensure capture of articles not identified by our electronic search, each reviewer also performed a PubMed search using the phrase ''minimally invasive spine surgery'' and a manual search of reference lists of included articles. Study authors and field experts were not consulted as part of our search strategy. In cases of disagreement, the senior author (YRR) was consulted to obtain consensus regarding suitability for study inclusion. From the potential studies identified by our electronic database search and manual searching of reference lists, 26 citations remained for study inclusion [1, 3, 10-12, 15, 16, 18-20, 22, 24, 27-29, 31, 33-35, 39-45] (Table 1 ).
Data Extraction
Relevant study data were extracted independently and in duplicate by the two study reviewers and entered into a custom electronic data extraction form (Appendix 2). Data elements of interest included a verification of study eligibility, study design, patient population demographics, interventions performed, study outcomes, statistical methods, and study results. Outcomes included operative time, fluoroscopy time, intraoperative EBL, length of hospital stay (LOS), VAS scores for back and leg pain, and ODI. Extracted data were then entered into a spreadsheet (Microsoft 1 Excel 1 97-2004; Microsoft Corp, Redmond, WA, USA) by one reviewer (KM) with confirmation of accuracy being performed by a second reviewer (CLG).
Assessment of Study Quality
Two independent reviewers (CLG, YRR) assessed the methodologic quality of each included study. Information regarding study design, study quality, consistency of results, directness of evidence, and study precision was extracted from each paper. Based on this information, the overall quality of each study was rated as high, moderate, low, or very low according to the GRADE protocol [4] . Consensus regarding the final GRADE rating was arrived at through discussion by the two reviewers when necessary.
Based on the GRADE protocol, all of the studies, except for the single prospective randomized controlled trial by Wang et al. [41] , which was rated initially as high quality, started with a low quality rating (Appendix 3). All included studies suffered from methodologic flaws resulting in downgrading of their quality. The single prospective randomized controlled trial [41] was given a low quality rating. Of the prospective comparative cohort studies, two retained their low-quality rating [20, 43] and nine were downgraded to very low quality [11, 12, 18, 22, 27, 34, 35, 42, 44] . Four of the retrospective comparative cohort studies stayed at a rating of low quality [1, 31, 33, 40] and 10 were downgraded to very low quality [3, 10, 15, 16, 19, 24, 28, 29, 39, 45] .
Comparison of Patient Demographics in the MIS and Open Cohorts
The MIS and open cohorts in the 26 studies included 856 and 806 patients, respectively. Mean values for age, sex (% male), number of surgical levels, and preoperative diagnoses were calculated for those studies reporting on patient demographics. Between-group comparisons were performed using a two-sample t-test for continuous variables, a twoproportion z-test for number of surgical levels, and a chisquare test of independence for preoperative diagnosis. A p value of less than 0.05 was considered statistically significant. No significant differences were identified between the open and MIS cohorts with respect to age, sex, number of spinal levels treated, or preoperative diagnosis, although not all of the studies included the data required to be included in this between-cohort comparison ( Table 2) .
Results
Surgical End Points
Surgical time tended to be equivalent between the MIS and open cohorts (n = 23 studies [1, 10-12, 15, 16, 18-20, 24, 27-29, 31, 33-35, 39-44] ), with surgery taking 104 to 390 minutes and 132 to 365 minutes in the MIS and open cohorts, respectively. EBL was generally lower in the MIS study arms (n = 23 studies [1, 10, 11, 15, 16, 18-20, 24, 27-29, 31, 33-35, 39-45] ), with reported mean EBL ranging from 51 to 496 mL in the MIS groups and 125 to 1147 mL in the open groups. Fluoroscopy time was consistently higher in the MIS groups (n = 7 studies [20, 24, 29, [41] [42] [43] [44] ), with MIS patients being exposed to 49 to 297 seconds of fluoroscopy compared to 24 to 123 seconds in the open cohorts. LOS was shorter for the MIS cohorts (n = 21 studies [1, 3, 11, 12, 15, 16, 18-20, 22, 24, 27-29, 31, 34, 35, 40, 41, 43, 45] ), with MIS patients experiencing a 1.8-to 11-day hospitalization compared to 3 to 15 days for the open patients. However, lack of randomization may have led to selection bias regarding case complexity and a trend toward lower EBL and shorter hospital LOS in MIS patients.
Patient-reported Outcomes
Postoperative pain was found to be equivalent at a variety of followup intervals in the 15 studies in which VAS was included [1, 11, 12, 15, 20, 22, 24, 27-29, 34, 40, 42-44] . ODI values were reported in 13 studies between 12 and 36 months postoperatively [1, 11, 15, 18, 20, 22, 24, 29, 31, 34, [42] [43] [44] and, based on the threshold for a minimal clinically important difference [32] , were generally equivalent between the MIS and open cohorts (range: 10.7-33 for MIS versus 6.4-33.7 for open).
Adverse Events
Adverse events, including transfusion, were reported in all but three of the included studies [28, 33, 39] (Table 3) . Trends toward fewer surgical complications, including dural tear, superficial infection, graft malposition, neurologic deficit or nerve injury, and hematoma, were observed in the MIS cohorts. There also seemed to be fewer adverse medical events, including urinary tract infection, respiratory complications, cardiac complications, and transfusions, in the MIS groups. However, the degree to which selection bias may have influenced these results cannot easily be quantified.
Discussion
In many specialties, the introduction of MIS techniques has resulted in dramatic reduction of surgical morbidity and improved clinical outcomes resulting in near-universal adoption [13, 26, 38] . However, widespread application of MIS techniques to spine surgery remains controversial. In general, there has been a perceived lack of consistent evidence supporting clinical superiority of MIS compared to open fusion. Thus, uncertainty remains regarding the benefits required to offset the increased equipment cost and learning curve associated with adopting MIS lumbar fusion. Our systematic review, including more than 1600 patients from 26 studies, showed lower EBL, generally shorter hospital LOS, equivalent patient-reported outcomes, and a trend toward lower surgical and medical complications in patients undergoing MIS compared to open posterior lumbar fusion. Limitations in study design significantly affect the quality of current CER pertaining to open versus MIS lumbar spinal fusion. The patient samples are small, ranging from 10 to 76 patients per treatment arm, and are often limited to nonconsecutive patients from a single institution, treated by a single surgeon. Furthermore, the decision to carry out open or MIS fusion is often dependent on a general shift in practice patterns of the enrolling surgeon who is likely biased in favor of MIS techniques [39] , patient symptomatology [45] or diagnosis [34] , patient preference [11, 12, 18, 19] , or payment status [22, 27] . The resulting selection bias introduces the probability that observed differences in outcomes may be due to temporal shifts in practice, systematic differences in patient care, severity of disease, and/or patient expectations.
Despite these limitations, our comprehensive systematic review has identified differences in surgical end points that may favor MIS fusion. Patients in the MIS cohorts tended to lose less blood than their open counterparts with equivalent operative times, although selection bias related to underlying diagnosis and disease severity may have impacted these results. The tradeoff for this was higher fluoroscopy exposure in the MIS cohorts. Patients undergoing MIS fusion also showed a tendency for being discharged sooner from the hospital, although differences in postoperative care pathways, surgeon beliefs, and patient expectations may have influenced these results in favor of MIS fusion.
We have further identified that patient-reported outcomes, including VAS pain scores and ODI values, demonstrated equivalent intermediate-term clinical outcomes in patients undergoing MIS and open posterior lumbar fusion. However, the diagnostic heterogeneity in many of the studies [3, 10, 11, 19, 20, 22, 27, 28, 33-35, 40, 42, 44, 45] limits our ability to apply the results to any specific patient population. While diagnostic heterogeneity is less likely to influence surgical outcomes (ie, operative time and EBL) due to similarities in surgical technique across diagnostic categories, this is not the case with patient-reported outcomes, as clinical outcome of lumbar fusion is known to be dependent on primary diagnosis [14] .
Given the low to very low quality of the existing literature and seemingly small differences in the effect sizes of MIS versus open fusion, the diagnostic heterogeneity of the patient populations intrinsic to each study likely creates a bias toward the null hypothesis.
Finally, our examination of adverse events related to posterior lumbar fusion suggests that MIS techniques may decrease both surgical and medical complications, including transfusion, without compromising the surgeon's ability to obtain successful union. Our ability to draw definitive conclusions regarding complications is limited, however, by the significant variability in complication definitions, methods of complication diagnosis, and lack of blinded assessment of complications. The bias introduced by these study design flaws almost certainly impacts on the absolute rates of complications reported, and selection bias pertaining to disease severity may have influenced the results in favor of MIS fusion. However, transfusion of a single unit of blood costs USD 1200 [2] and each in-hospital complication experienced by a spine patient is estimated to cost USD 10,000 [17] . Although not the focus of our systematic review, three of the included studies did perform some form of economic analysis [28, 31, 45] . The economic analyses were also highly biased and further limited to the perspective of hospital cost only. These studies demonstrated potential direct cost savings ranging from 11% to 24% in favor of MIS procedures. Therefore, while further well-designed studies with a priori definitions of complications and prospective blinded assessment are required to accurately determine complication rates in MIS versus open lumbar fusion, decreases in complications, and secondarily cost, may be reasons for surgeons to consider adopting MIS techniques in light of the clinical equipoise and start-up costs associated with MIS spinal procedures.
In conclusion, while current evidence reporting on the comparative clinical effectiveness of MIS and open posterior lumbar fusion for degenerative pathology is of low quality and associated with substantial bias, the findings of our systematic review suggest equivalent clinical patient-reported outcomes and the possibility of improved surgical outcomes and lower complication rates for patients undergoing MIS compared to open posterior lumbar fusion. Further well-designed prospective observational studies or randomized trials are required to definitively determine the comparative effectiveness of MIS TLIF/PLIF for degenerative disorders.
